We report here the development of a novel system for cell-free protein synthesis that can be operated at high temperatures using a lysate of the hyperthermophilic archaeon, Thermococcus kodakaraensis. With the system, cell-free protein synthesis of ChiAA4, a derivative of T. kodakaraensis chitinase (ChiA), was observed within a temperature range of 40°C to 80°C, with an optimum at 65 'C. Corresponding chitinase activity was also detected in the reaction mixtures after cell-free protein synthesis, indicating that the synthesized ChiAA4 folded in a proper tertiary structure. The maximum concentration of active ChiAA4 synthesized was determined to be approximately 1.3 [tg/mL. A time course experiment indicated that the amount of synthesized ChiAA4 saturated within 30 min at 65 'C, and energy depletion was suggested to be the main cause of this saturation. We further developed a system for transcription and translation-coupled protein synthesis at high temperatures using a combination of T. kodakaraensis lysate and thermostable T7 RNA polymerase.
INTRODUCTION
Cell-free protein synthesis is a method to synthesize proteins in vitro by using mRNA and the active translation machinery in the cell lysate (4, 14) . One of the advantages of this system is that one can utilize and develop the system focusing only on protein synthesis per se, and therefore, highly toxic proteins can readily be produced with in vitro systems (9) . Another major advantage is that these systems, with the properly charged tRNAs, allow the synthesis of proteins containing unnatural amino acids (17) . Other notable features are the relatively short periods of time required for protein synthesis and the rather simple purification procedure following protein synthesis.
At present, there are three major sources of lysates utilized for cell-free protein synthesis: Escherichia coli (22) , rabbit reticulocyte (8) and wheat germ (6) . As these lysates originate from organisms living at moderate temperatures, protein synthesis reactions are performed in a temperature range between 20 'C and 40 'C. Although these systems can be presumed to be sufficient for producing a majority of mesophilic proteins, there are several reasons for one to explore the possibilities of protein synthesis at higher temperatures. A slight elevation in temperature, to an extent that it does not denature the target protein itself, will lead to more rapid protein synthesis. It has been reported that, by using capped mRNA, the reaction temperature of wheat germ extract could be increased up to 37°C (from 20°C), and an increased amount of protein synthesis was observed as a result of high speed protein synthesis (26) . In addition, elevated temperatures can be expected to prevent mRNA secondary structures that otherwise might be inhibitory in the translation reaction (16) .
We report here the development of a system for cell-free protein synthesis using a lysate of Thermococcus kodakaraensis.
T. kodakaraensis KODI is a hyperthermophilic archaeon isolated from a solfatara on Kodakara Island, Kagoshima, Japan (2, 15) . The organism can grow between 60 and 100°C with an optimal growth temperature of 85 'C. The broad temperature range at which this organism grows can be expected to provide an advantage in developing a cell-free system that can function at various extents of elevated temperature. In this study, we have performed an initial examination of various parameters and components that affect the rate and yield of protein synthesis, and with this system we have been able to observe the in vitro production of an active protein at temperatures between 40 and 80 'C.
RESULTS

Selection of the target protein
ChiAA4, a truncated form of T. kodakaraensis chitinase (23), was selected as the target protein to be synthesized in the T. kodakaraensis cell-free translation system. Chitinase from T. kodakaraensis (ChiA) contains two catalytic domains (23, 24) . ChiAA4 (33.8 kDa) is a ChiA derivative containing only the C-terminal endochitinase domain. As ChiAA4 is a highly thermostable enzyme with a half life of over 3 h at 100 'C (23), the effect of heat on protein denaturation during cell-free protein synthesis is negligible. Moreover, as ChiAA4 is a protein originating from T. kodakaraensis, it was expected that codon preference would not cause a serious problem in protein synthesis. In order to remove any possible effects of the native chitinase present in the cell-free extract, a chiA-disrupted strain of T. kodakaraensis was constructed and used for preparation of the cell lysate (S30 extract). (18) , with some modifications. A comparison of the amounts of protein synthesized with different concentrations of ChiAA4-encoding mRNA revealed that ChiAA4 was synthesized only in reactions where exogenous mRNA was added, and that there was a clear correlation between the amount of mRNA added and that of ChiAA4 synthesized (data not shown).
Optimization of the reaction mixture composition
It is well known that protein synthesis in cell-free systems is largely affected by the concentration of reaction constituents (25) . We therefore examined the optimum concentration of each reaction component within the range shown in Table 1 . In addition to mRNA, S30 extract and the 20 amino acids mixture, we found that magnesium ion and phosphoenolpyruvate were necessary for protein synthesis. Furthermore, the presence of either ATP or GCU mix was also found to be necessary for ChiAA4 synthesis. The optimized mixture composition was determined to be as follows: 5-10 mM magnesium acetate, 100 mM potassium acetate, 80 mM ammonium acetate, 56 mM Tris-acetate pH 7.4, 1.2 mM ATP, 0.85 mM (each) of GCU mix, 30 mM phosphoenolpyruvate, 5 %(w/v) polyethyleneglycol 8000 and 2.0 mM (each) of 20 amino acid. The addition of T kodakaraensis tRNA was also tested, but there was no effect that led to an enhancement of ChiAA4 protein synthesis (data not shown).
Temperature preference
Next, the temperature preference of the system was examined. The synthesis of ChiAA4 was detectable by Western blot analysis within a temperature range from 40°C to 75°C, with a maximum at 65°C (Fig. IA) . To examine whether the ChiAA4 protein was synthesized in an active form, the chitinase activity in the reaction mixture was measured. Significant levels of activity were detected within a temperature range of 40°C to 80°C, and the highest activity was observed at 65°C (Fig. IB) . This activity profile was consistent to the results of Western blot analysis, indicating that the ChiAA4 protein was most likely synthesized with the proper tertiary structure. Using the specific activity of purified ChiAA4 expressed in E. coli, the maximum yield of active ChiAA4 was estimated to be approximately 1.3 Ftg/mL (at 65°C).
Time course of protein synthesis and determination of rate-limiting factors
A time course experiment to monitor ChiAA4 protein levels showed that, at 65°C, synthesis of ChiAA4 was saturated at around 30 min (Fig. 2) . At 70°C, a rapid accumulation of ChiAA4 was observed in the first 5 min, and almost saturated at around 15 min. A slower accumulation of ChiAA4 was observed at 60°C, protein synthesis being continued for over 60 min. On the other hand, no significant accumulation of ChiAA4 could be observed at 80 'C.
We examined the cause of the short duration of the reaction by performing semibatch reactions at the optimum temperature to which additional mRNA, ATP and phosphoenolpyruvate were added individually. in each reaction mixture. The addition of ATP and phosphoenolpyruvate both gave a similar effect; the amount of ChiAA4 increased in the first 30 min and then leveled off. The addition of mRNA did not give a positive effect. From this result, energy depletion appears to be the main cause of the saturation in protein synthesis.
Transcription and translation-coupled protein synthesis
Using T. kodakaraensis S30 extract, we also developed a coupled reaction system for cell-free transcription and translation at high temperatures. Instead of mRNA, the reaction mixture contained a template DNA harboring ChiAA4-encoding gene under the control of the T7 promoter, and a thermostable T7 RNA polymerase. The reaction mixture was incubated at 40°C for 1 h (for transcription), and then the temperature was shifted to 60°C and incubation was continued for another 90 min (for translation). Using the two-step reaction, synthesis of active ChiAA4 could be detected. Amount of ChiAA4 synthesized increased until 750 units of T7 RNA polymerase added, and then decreased gradually (Fig. 4) .
DiscuSSION
The present study reports the development of a system for cell-free protein synthesis at high temperatures using T. kodakaraensis S30 extract. Synthesis of ChiAA4 was detected by Western blot analysis in a temperature range between 40 and 75°C (Fig. IA) . ChiAA4 could not be detected by Western blot analysis at 80 TC, while chitinase activity at 80°C was almost the same as that detected at 40°C (Fig. IB) . The activity observed at 80°C may be due to degradation products of ChiAA4 that still maintained enzymatic activity.
There was a significant difference between the optimal temperature of cell-free protein synthesis (65°C) and the optimal growth temperature of T. kodakaraensis (85°C). Further experiments are necessary to clearly explain the difference, but the formation of precipitate after incubation of reaction mixture at 85°C (unpublished result) may indicate that proteinous components in the S30 extract are undergoing thermal degradation. In living-cells, induction of the chaperon system protects cellular proteins from thermal denaturation (10) . It is reported that some low molecular substances such as trehalose have the ability to stabilize proteins in high temperature environment (3) . Therefore, addition of such compounds to reaction mixture might help to increase the optimum reaction temperature.
In this study, we initially employed the reaction conditions and methods of Ellman et al. (5) In the T. kodakaraensis system, ChiAA4 synthesis nearly saturated within 30 min of incubation at 65°C, and the highest concentration was approximately 1.3 Ftg/mL. When compared with other systems, 100-fold higher protein concentrations have been obtained in 60 min using the optimized E. coli system (12, 13) . Therefore, the speed of protein synthesis in the T. kodakaraensis system is, at least at present, considerably lower than we had expected. Since the addition of energy-supplying substrates supported further synthesis of ChiAA4, energy depletion can be regarded as the main cause of the arrest in protein synthesis. In general, high-energy compounds are unstable at high temperatures.
The half-lives of ATP and phosphoenolpyruvate at high temperatures have been reported; the half-life of phosphoenolpyruvate is 20 min at 70°C (in buffer) (21) , while that of ATP is 115 min at 90°C (in buffer containing Mg2+) (11). It can be reasonably presumed that the half-lives of these compounds are even shorter in cell lysate, as reported in the E. coli system (12) . A simple increase in the initial concentration of phosphoenolpyruvate (from 33 mM to 66 mM) was not effective, and rather had an inhibitory effect, probably due to the excess accumulation of inorganic phosphate (12) . Developing a means to provide a stable supply of energy will be a key factor in increasing the production rate and overall yield of the system. The use of hyperthermophiles as a source of cell lysate has various advantages. As we have observed protein synthesis at temperatures as low as 40°C, further optimization of the reaction conditions may allow application of the system for the synthesis of mesophilic proteins. A moderate elevation in temperature should lead to an increase in the production rate and may also provide an advantage in preventing inhibitory mRNA secondary structures. On the other hand, the system can also be utilized at higher temperatures ranging from 50 to 75 'C. This will provide a means to produce proteins from (hyper)thermophiles at temperatures near the native environment. When proteins from (hyper)thermophiles are synthesized in mesophiles, they are in many cases produced in a "semi-mature" form, exhibiting lower activity than that of the native protein. This is thought to be due to the entrapment of the protein molecule in an intermediary state of the folding process at low temperatures. This may be one of the main reasons why a number of proteins deriving from hyperthermophiles cannot be expressed in an active form in mesophilic hosts (1) . The system developed in this study may provide an alternative in synthesizing these proteins in an active form. Hyperthermophilic proteins synthesized in mesophilic hosts can be brought to their optimal, fully active states by incubating them at high temperature (1). Recombinant ChiAA4 synthesized in E. coli is one example, and the specific activity of the protein increases after an incubation of 10 min at 90°C (data not shown). In contrast, we observed that the specific activity of the ChiAA4 synthesized by the in vitro system at 65°C did not change after heat treatment, indicating that the protein was produced in the optimal, thermostable form (data not shown).
We also examined the possibilities of coupling a T7 RNA polymerase-dependent transcription reaction with our translation reaction with the T. kodakaraensis S30 extract. Initial attempts with a single reaction temperature did not lead to ChiAA4 synthesis at 40°C, 50°C or 60°C (data not shown). This was most likely due to the difference in the optimum temperatures between the transcription and translation reactions: the temperature optimum of the T. kodakaraensis cell-free translation reaction is 65°C, whereas the T7 RNA polymerase used has an optimum temperature of 50°C, with only negligible activity above 55 'C. By utilizing a two-step system (reaction temperature was set at 40 'C and later changed to 60°C), production of ChiAA4 was observed, and the optimal amount of T7 RNA polymerase was 750 units (in 30 FtL of reaction mixture). A decrease of ChiAA4 synthesis over 750 units may be explained by decrease of effective ATP concentration in the translation step, as ATP is also utilized as a material for RNA synthesis. Indeed, when a decreased amount of template DNA (0.6 rig) was employed, the optimum amount of T7 RNA polymerase increased to 1250 units (unpublished data). As DNA is a much more stable than RNA and can be readily amplified by PCR, optimization of this coupled system will be an important subject to address in future studies.
Among hyperthermophiles, T. kodakaraensis is one of few microorganisms for which the entire genome sequence (7) and genetic transformation technology (19, 20) are both available. This unique feature of T. kodakaraensis will enable us to undertake molecular alteration of the species by removing genes encoding proteins that are disadvantageous for cell-free protein synthesis or by overexpressing genes that are favorable for the reaction.
